Abstract. Although microRNAs (miRNAs or miRs) are able to function as oncogenes or tumor suppressors, the role of miR-326 in regulating human cervical cancer cells remains unclear. In the present study, the expression of miR-326 was identified to be downregulated in cervical cancer cell lines and primary tumor samples, and the overexpression of miR-326 decreased cell proliferation, migration and invasion in cervical cell lines. Bioinformatics prediction and experimental validation results revealed that the function of miR-326 was achieved by targeting and repressing ETS domain-containing protein Elk-1 (ELK1) expression. ELK1 was targeted directly by miR-326, which was downregulated in human cervical cancer tissues compared with that in adjacent normal tissues. The results of the present study suggest that miR-326, a potential tumor suppressor, may be used in the treatment of cervical cancer.
Introduction
Cervical carcinoma is the second most common cause of cancer mortality in females following breast cancer and seriously affects the health of females worldwide, particularly in developing countries (1) (2) (3) . Cervical cancer is caused by the abnormal expression of certain oncogenes and tumor-suppressor genes. It has been reported that a number of genes, including Bcl-2-associated X and p53, serve important roles in cervical cancer progression (4) . In addition to functional genes, noncoding RNAs, including microRNAs (miRNAs or miRs), may serve a role in cervical cancer (5) . miRNAs were identified in the early 1990s and were recognized to serve an important role in tumorigenesis (6) . miRNAs modulate gene expression through messenger RNA (mRNA) degradation and/or translational repression at the post-transcriptional level (7) . miRNAs also mediate translational repression and/or mRNA degradation by binding to the 3'-untranslated regions (3'-UTRs) of their target mRNAs (8) . A number of miRNAs have been demonstrated to serve an important role in numerous cellular processes, including cell differentiation, proliferation and apoptosis, which are all involved in tumor development (9) . Abnormal expression levels of miRNAs are associated with various tumor types, including hepatocellular carcinoma, cervical cancer, ovarian carcinoma, colorectal cancer and breast cancer (10) (11) (12) (13) (14) . miRNAs are able to act either as oncogenes or as tumor suppressors by regulating the expression of their target genes (15) . Therefore, investigation of aberrant miRNA expression may identify novel miRNA biomarkers for cervical carcinoma.
miR-326 was initially identified in neurons and reported to be upregulated in zebrafish embryos treated with the Notch pathway inhibitor (16, 17) . Previous studies suggested that the dysregulation of miR-326 contributed to various types of cancer, including medulloblastoma, chronic lymphocytic leukemia, pancreatic ductal adenocarcinoma and cholangiocarcinoma (18) (19) (20) (21) (22) . The expression of miR-326 was downregulated in gliomas, and transfection with miR-326 markedly reduced the occurrence of tumors in glioma cells in vivo (23) . Zhou et al (24) identified that miR-326 served an important role in human glioma by targeting Nin one-binding protein and mitogen-activated protein kinase (MAPK) signaling pathway activity.
In the present study, miR-326 was identified to be downregulated in cervical cancer, and its overexpression suppressed the proliferation, migration and invasion of cervical cancer cells in vitro. Furthermore, miR-326 inhibited the expression of ETS domain-containing protein Elk-1 (ELK1) at the mRNA and protein levels. Therefore, miR-326 was identified to function as a tumor suppressor by targeting ELK1. The results of the present study provide a basis for the use of miR-326 as a tumor suppressor in the treatment of cervical cancer.
Materials and methods
Cell culture and transfection. 
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
. RNA was isolated from tissue and cell samples using TRIzol ® (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. A polyA tail was added to the mature miRNA template, and complementary DNA (cDNA) was synthesized using a polyT primer with a 3'degenerate anchor and a 5' universal tag. RT-qPCR was carried out using a miRCURY LNA™ Universal RT microRNA PCR system with SYBR Green master mix and LNA-based primer sets for target miRNAs (Homo sapiens-miR-326; cat. no. 204512) and U6 small nuclear RNA (cat. no. 203907; all from Exiqon, Inc., Woburn, MA, USA). PCR cycles were as follows: 94˚C for 3 min, followed by 40 cycles of 94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 30 sec. The relative levels of miRNAs in the cells and tissues were normalized to U6 and were calculated using the 2 -ΔΔCq method (25) . To quantify the level of ELK1 mRNA expression, 1 µg total RNA was reverse transcribed to cDNA using PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China), and qPCR was carried out using the reverse-transcribed product, SYBR Green dye mix (Invitrogen; Thermo Fisher Scientific, Inc.) and specific primers for ELK1 and GAPDH, which were as follows: ELK1, 5'-CCT TCT ATC AGC GTG GAT-3' (forward) and 5'-GTG GTG GTG GTA GTA GTC-3' (reverse); and GAPDH, 5'-ACC CAG AAG ACT GTG GAT GG-3' (forward) and 5'-CAG TGA GCT TCC CGT TCAG-3' (reverse). The thermo cycling conditions for the RT-qPCR were as follows: 95˚C 10 min, 40 cycles of 95˚C for 20 sec, 55˚C for 30 sec, 72˚C for 20 sec. The relative level was calculated using the 2 -ΔΔCq and the level of ELK1 mRNA was normalized to that of GAPDH.
Western blot analysis. Proteins were extracted using RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) and the concentration was measured using the Bio-Rad protein assay kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) according to the manufacture's protocol. A total of 30 µg protein was separated using 12.5% SDS-PAGE, and then transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 5% non-fat milk at room temperature for 1 h and incubated with primary antibodies against ELK1 (cat. no. 14507-1-AP; dilution, 1:1,000; Proteintech) and GAPDH (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight. The membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (cat. no. ab6721; dilution, 1:2,000; Abcam). The blots were examined using an enhanced chemiluminescence detection system according to the manufacture's protocol (Pierce; Thermo Fisher Scientific, Inc.). The band intensities of the western blotting were analyzed using Image Analysis Software v2.0 (Thermo Fisher Scientific, Inc.).
Cell proliferation assay. MTT and 5-ethynyl-2'-deoxyuridine (EdU) incorporation assays were used to determine cell proliferation. Cells were seeded into 96-well plates at 4x10 4 cells/well in triplicate for each transfection group: miR-326 mimic, miR-326 inhibitor and blank control. MTT was added in each well (5 mg/ml) at various time points (24, 48 and 72 h) and then incubated in the dark at 37˚C for 2 h. Absorbance was determined at a wavelength of 570 nm. An EdU incorporation assay was performed to analyze cell proliferation using a CellLight™ EdU Apollo ® 488 In Vitro Imaging kit (Guangzhou RiboBio Co., Ltd., Guangzhou, China), according to the manufacturer's protocol.
Wound healing assay. Cells (5x10 5 cells/ml) were seeded in 6-well plates and cultured in complete medium (RPMI-1640 medium with 10% FBS). Following 24 h of culture, when the cells had reached 90-100% confluence, a single wound was created in the center of the well by removing the attached cells with a sterile 200-µl pipette tip. After 56 h of culture, cells that had migrated into the wounded area were visualized and images were captured under an inverted microscope. Each experiment was carried out at least three times independently. Wound closure was monitored over time and the percentage of closure was determined.
Invasion assay. A Matrigel invasion chamber was used to determine cell invasive capacity. A cell suspension (5x10 5 cells/ml) was prepared in serum-free medium (RPMI-1640 medium with 0.1% FBS) for the transfected CaSki cells (transfected with miR-326 mimic, inhibitor or NC). A 300-µl volume of cell suspension was added into the upper chamber coated with Matrigel, and 500 µl of Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS was added into the lower chamber. The cells were then incubated at 37˚C with 5% CO 2 for 24 h. Cells on the upper surface were removed, whereas those on the lower surface were stained by 1% eosin for 30 min. The cell number was determined in at least five randomly selected fields under a microscope (SZ61; Olympus, Tokyo, Japan).
Bioinformatics method. The following online miRNA target prediction algorithms were used to evaluate the potential target genes of miR-326: PicTar (http://www.pictar. org/), TargetScan (http://www.targetscan.org/vert_71/), Microcosm Targets (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/) and miRanda (http://www.microrna. org/microrna/home.do).
Luciferase miRNA-binding assay. CaSki cells in a 96-well plate were transfected with 50 nM miR-326 mimic or negative control miRNA and then co-transfected with the wild-type or mutant 3'-UTR of the ELK1 gene with 0.2 mg/ml vector (Ambion; Thermo Fisher Scientific, Inc.). Following 48 h of transfection, luciferase activity was determined using the Dual-Luciferase ® Reporter Assay System (Promega Corpora-(Promega Corporation, Madison, WI, USA). Firefly luciferase activity was then normalized to the corresponding Renilla luciferase activity. Luciferase assays were repeated in three independent experiments.
Overexpression of target gene ELK1. In order to construct ELK1 overexpressing plasmid, the gene without 3'-UTR was amplified from cDNA of human normal cervical tissues by polymerase chain reaction. The sequences of primers for cloning were: F, CTA GCT AGC ATG GAC CCA TCT GTG ACG CTG TG; R, CCG CTC GAG TCA TGG CTT CTG GGG CCCT. The PCR products were cloned into the pMD18-T vector (TAKARA Biotechnology Co., Ltd.). Then, pCMV6-ELK1 was obtained by subcloning a NheI-XhoI fragment from pMD18-T/ELK1 into the NheI-XhoI site of pCMV6-Entry Vector.
Statistical analysis. Results are presented as the mean ± standard deviation of three independent experiments. A Student's t test was used to compare the experimental groups with the controls, whereas two-way analysis of variance followed with Bonferroni's multiple comparison test was used to determine the differences among three or more experimental groups. P<0.05 was considered to indicate a statistically significant difference. SPSS 18.0 software (SPSS Inc., Chicago, IL, USA) was used to analyze the data.
Results

miR-326 is significantly downregulated in cervical cancer
tissues and cell lines. miR-326 expression was determined in 25 fresh cervical cancer tissue specimens and 25 healthy control specimens. The results of RT-qPCR demonstrated that miR-326 expression was downregulated in cervical cancer tissues compared with that in non-neoplastic samples (P=0.0109; Fig. 1 ). Significantly decreased miR-326 expression was also demonstrated in cervical cancer cell lines (HeLa, P=0.0316; and CaSki, P=0.0045; Fig. 1 ) using RT-qPCR. In spite of the variation in the degree of downregulation of miR-326 being observed in the cell lines, the expression was relatively low. As downregulation was more evident in the CaSki cell line than in the HeLa cell line, CaSki cells were used for subsequent experiments.
miR-326 inhibits the proliferation, migration and invasion of human cervical cells. As miR-326 expression was significantly downregulated in cervical cancer tissues, it was hypothesized that it may be involved in tumor cell proliferation. Therefore, the effect of the overexpression or low expression of miR-326 on the proliferation of cervical cancer cell lines (CaSki and HeLa) was investigated. The results of an MTT assay revealed that transfection with miR-326 mimic inhibited the proliferation of cervical cancer cells (Fig. 2A , Caski: P 24h =0.0416; P 48h =0.0356; P 72h =0.0528; Hela: P 24h =0.00245; P 48h =0.00986; P 72h =0.0238). Cervical cancer cells transfected with the miR-326 inhibitor demonstrated enhanced cell proliferation compared with that of the control (Fig. 2A , Caski: P 24h =0.0969; P 48h =0.00221; P 72h = 0.0055; Hela: P 24h =0.011; P 48h =0.0104; P 72h =0.0841), which was similar to the results obtained using an EdU incorporation assay (Fig. 2B) . These results indicated that miR-326 serves an important role in suppressing cervical cancer proliferation.
Migration and invasion assays were carried out to investigate the effects of miR-326 on cervical cancer cells in vitro. Cervical cancer cells in the miR-326 mimic group exhibited decreased migratory and invasive abilities compared with those displayed by control cells (Fig. 2C) . Conversely, the miR-326 inhibitor promoted the migration and invasion of cervical cells (Fig. 2C) . These effects were determined to be statistically significant in each cell type (Fig. 2D) .
Identification of candidate genes targeted by miR-326.
To reveal the molecular mechanism underlying the inhibition of the proliferation and metastasis of cervical cancer cells by miR-326, a combination of four bioinformatics algorithms was used (TargetScan, PicTar, miRanda and Microcosm Targets) to search for accurate potential targets of miR-326. All four approaches predicted ELK1 as a potential target of miR-326, and the 3'-UTR of ELK1 mRNA contained a highly conserved binding site between position 1,261 and position 1,268 of the miR-326 seed sequence (the core sequence that encompasses the first 2-8 bases of the mature miRNA; Fig. 3A) . The wild-type and mutant ELK1 3'-UTRs were generated with sequences presented in Fig. 3A . A dual-luciferase reporter assay was performed on CaSki cells, and luciferase activity was significantly decreased in CaSki cells co-transfected with the wild-type ELK1 3'-UTR and miR-326 mimic (P=0.0010; Fig. 3B ). This result indicates that miR-326 directly targets the 3'-UTR of ELK1 in CaSki cells.
To investigate the association between miR-326 and ELK1 in human cervical cancer, ELK1 expression was determined in 25 cervical cancer tissues and 25 wild-type cervical tissues using RT-qPCR. ELK1 mRNA levels in cervical cancer tissues were significantly increased (P= 0.0125; Fig. 3C ) compared with those in wild-type cervical samples. The upregulation of ELK1 was associated with the downregulated expression of miR-326 in 25 cervical cancer tissues (Fig. 1) . Therefore, the downregulation of miR-326 may contribute to the overexpression of ELK1 in human cervical cancer.
ELK1 expression is regulated by miR-326 and inversely associated with miR-326 level in cervical cancer tissues.
The role of miR-326 in the regulation of ELK1 mRNA expression levels was further investigated in the CaSki cervical cancer cell line. Following transfection of CaSki cells with scrambled miRNA (negative control), miR-326 mimic or miR-326 inhibitor, the expression level of miR-326 in each group was determined to confirm that the transfection efficiency was satisfactory (Fig. 4A) . Following transfection with the miR-326 mimic, the expression level of miR-326 was significantly upregulated (P=0.0005; Fig. 4A ) compared with that in the control group. Following transfection with the miR-326 inhibitor, the expression level of miR-326 was significantly decreased (P= 0.0190; Fig. 4A ) compared with that in the control group. The mRNA and protein levels of ELK1 in each group were determined using RT-qPCR and western blot analysis, respectively. Upregulation of miR-326 induced a decrease in the mRNA (Fig. 4B) and protein (Fig. 4C) expression levels of ELK1, whereas the downregulation of miR-326 resulted in the upregulation of the mRNA (Fig. 4B) and protein (Fig. 4C ) expression levels of ELK1 in CaSki cells. Therefore, the expression levels of ELK1 appear to be negatively regulated by miR-326 in CaSki cells.
ELK1 is able to rescue the phenotypes caused by miR-326 expression.
To determine whether ELK1 is the real functional target of miR-326, ELK1 expression plasmids were constructed without the 3'-UTR of ELK1 (pCMV6-ELK1), which are not able to be regulated by miR-326, to perform a rescue experiment. RT-qPCR analysis demonstrated that overexpression of ELK1 is able to restore the ELK1 mRNA level decreased by miR-326 (Fig. 5A) . Furthermore, MTT, migration and invasion assays were performed in CaSki and HeLa cells co-transfected with miR-326 mimic plus pCMV6-ELK1 or empty vector, or with negative control plus empty vector. Restoration of ELK1 eliminated the cell viability, invasion and migration that was decreased by miR-326 mimic (Fig. 5B-E) . These results demonstrated that ELK1 is a direct functional target gene of miR-326 and that miR-326 functions as a tumor suppressor through ELK1.
Discussion
Despite the availability of periodic cancer screening, cervical cancer remains one of the most common cancers causing mortality in females (26); therefore, novel approaches to treating the disease are required. In addition to conventional tumor therapeutic regimens, targeted therapies have been developed that interfere with the key signaling pathway components or inhibit the function of tumor-specific factors in cervical cancer (27) . Elucidating the underlying molecular mechanism for the progression of cervical cancer will assist with the development of future treatment options for this disease.
miRNAs are considered to be a novel class of regulatory molecules in various human cancers. Changes in miRNA profiling are involved in almost all aspects of cancer biology, including cell proliferation, migration and invasion. Therefore, the development of miRNAs, which are considered to be novel and specific diagnostic and therapeutic tools, has been the subject of numerous studies (28, 29) . miR-326 is one of the most upregulated miRNAs in multiple sclerosis and was initially considered to be upregulated in the blood of patients with recurring autoimmune multiple sclerosis (30) . A number of studies have demonstrated the involvement of miR-326 in cell apoptosis, invasion, metabolism, proliferation and tumor growth. Wu et al (31) indicated that increased miR-326 could participate in cancer cell apoptosis. In lung cancer, miR-326 regulates cell proliferation and migration (32) . Previous studies have demonstrated that miR-326 suppressed tumor growth in medulloblastoma and malignant glioma (33, 34) . In the present study, the function of miR-326 in cervical cancer was investigated. The aberrant expression of tumor-suppressive or oncogenic miRNAs is able to disrupt normal regulatory mechanisms in cancer cells (35) . Therefore, the expression pattern of miR-326 was investigated in human cervical cancer tissues and healthy controls to determine the association between miR-326 expression and cervical carcinogenesis. The expression of miR-326 was decreased in cervical cancer compared with that in wild-type tissues, whereas the overexpression of miR-326 significantly inhibited cell proliferation, migration and invasion in cervical cell lines. The downregulation of miR-326 also significantly promoted cell proliferation, migration and invasion. These results suggest that miR-326 functions as a tumor suppressor, whose upregulation may suppress the progression and metastasis of cervical cancer. Cancer progression and metastasis are associated with the mortality of patients with cervical cancer. Therefore, miR-326 may be a potential target for the treatment of patients with cervical cancer that exhibited upregulated miR-326 expression in tumor tissues.
The underlying molecular mechanism involved in miR-326-mediated cervical cancer progression was investigated in the present study, and ELK1 was identified as a potential target gene of miR-326 using bioinformatics analysis. ELK1 contained a miR-326-binding site, and miR-326 was demonstrated to bind directly to the 3'-UTR of ELK1 using a dual-luciferase reporter assay. The overexpression of miR-326 significantly decreased ELK1 expression at the mRNA and protein levels. Significant upregulation of ELK1 mRNA was also observed in cervical cancer tissues, and miR-326 levels were demonstrated to be negatively associated with ELK1 mRNA levels. These results confirmed that miR-326 may partly function as a tumor suppressor by repressing ELK1 expression during the development of cervical cancer.
ELK1, a member of the ETS oncogene family in various types of cancer, functions as a transcription factor that mediates transcriptional regulation using a conserved ETS DNA-binding domain (36) . The extracellular-signal-regulated kinase/MAPK signaling pathway serves an important role in numerous biological processes and is frequently deregulated in several disease states, including cancer (37) . MAPK signaling primarily contributes to gene expression by activating transcription factors, including ELK1 (38) . The activated ELK1 binds to the ELK1 element to regulate target gene expression. A previous study indicated that the ELK1-mediated regulation of the target gene network is involved in actin cytoskeleton regulation and cell migration (38) . The important ELK1 target genes in this network partly control cytoskeleton-associated activities, including cell migration (39) . Consistent with this previous study, the results of the present study demonstrated that reduced ELK1 expression caused by restoration of miR-326 may be the reason for the suppression of cell migration observed in cervical cell lines. Furthermore, it has been identified that ELK1 was significantly upregulated in cervical cancer tissues (40) . Consistent with this previous study, it was also identified in the present study that the expression of ELK1 was considerably upregulated in cervical cancer tissues. Transfection with a miR-326 mimic decreased the luciferase activity and protein expression of ELK1 in cervical cancer cells, indicating that ELK1 may be the target gene of miR-326. Furthermore, rescue experiments were performed using MTT, migration and invasion assays. The results suggested that ELK1 may rescue the suppression effects on proliferation, migration and invasion induced by miR-326 in CaSki and HeLa cells, indicating that miR-326 acts as a tumor suppressor through ELK1. The results of the present study demonstrate that miR-326 is expressed at lower levels in cervical cancer tissues compared with those in wild-type cervical tissues, and that the overexpression of miR-326 inhibits cell proliferation and invasion. As a novel identified target gene of miR-326, ELK1 was demonstrated to be upregulated in cervical cancer tissues. These results indicate that the inhibition of miR-326 in cervical cancer may contribute to the malignant phenotype by maintaining high levels of ELK1. Therefore, the identification of miR-326 and its target gene, ELK1, in cervical cancer may assist in the understanding of potential molecular mechanisms underlying tumorigenesis and provide novel prognostic markers for the management of cervical cancer.
